Modern quantum technologies in the fields of quantum computing, quantum simulation and quantum metrology require the creation and control of large ensembles of entangled particles. In ultracold ensembles of neutral atoms, highly entangled states containing thousands of particles have been generated, outnumbering any other physical system by orders of magnitude. The entanglement generation relies on the fundamental particleexchange symmetry in ensembles of identical particles, which lacks the standard notion of entanglement between clearly definable subsystems. Here we present the generation of entanglement between two spatially separated clouds by splitting an ensemble of ultracold identical particles. Since the clouds can be addressed individually, our experiments open a path to exploit the available entangled states of indistinguishable particles for quantum information applications.
The progress towards large ensembles of entangled particles is pursued along two different paths. In a bottom-up approach, the precise control and characterization of small systems of ions and photons is pushed towards increasingly large system sizes, reaching entangled states of 14 ions [1] or 10 photons [2] . Complementary, large numbers of up to 3,000 entangled ultracold atoms [3] [4] [5] can be generated, where the state characterization is advanced top-down towards resolving correlations on the single-particle level. Because the atoms cannot be addressed individually, ultracold atomic ensembles are controlled by global ensemble parameters, such as the total spin. Ideally, the atoms are indistinguishable, either with respect to the observable, such as the spin in hot vapor cells [6] , or in all quantum numbers in Bose-Einstein condensates (BECs) [7] [8] [9] [10] [11] [12] . Is it possible to make these particles distinguishableand addressable -again, while keeping the high level of entanglement?
The generation of entanglement in these systems is deeply connected with the fundamental indistinguishability of the particles [13] . As an example, two indistinguishable bosons 1 and 2, that are prepared in two independent modes a and b, are described by an entangled triplet state
(|a 1 |b 2 + |b 1 |a 2 ) due to bosonic symmetrization. Although this type of entanglement seems to be artificial, the state presents a resource for a Bell measurement [14] . Equivalently, an ensemble containing the same number of distinguish- Collisions generate entangled pairs of atoms in the levels mF = ±1 (spin up/down), in the first spatially excited mode. The created multi-particle entangled ensemble is naturally divided into two clouds (red and blue).
(b) The atomic density profile obtained from an average over 3,329 measurements is shown in the background. The entanglement between the two clouds (indicated by green lines) in the system can be detected by analyzing spin correlations.
able spin-up and spin-down atoms is not necessarily entangled, while a twin-Fock state, the corresponding ensemble with indistinguishable bosons, exhibits full arXiv:1708.02480v1 [quant-ph] 8 Aug 2017
many-particle entanglement [15, 16] . This form of entanglement is directly applicable for atom interferometry beyond the Standard Quantum Limit [10] . However, most quantum information tasks require an individual addressing of sub-systems. Despite the experimental progress in entanglement creation in BECs, including the demonstration of Einstein-Podolsky-Rosen correlations [17] and Bell correlations [18] [19] [20] , as well as the demonstration of strongly correlated momentum states [21] [22] [23] , a proof of entanglement between spatially separated and individually addressable subsystems has not been realized so far. The possible applications of such a resource reach far beyond quantum information, ranging from spatially resolved quantum metrology to tests for fundamental sources of decoherence or Bell tests of quantum nonlocality.
In this Letter, we report the creation of particle entanglement in an ensemble of up to 5,000 indistinguishable atoms and prove entanglement between two spatially separated clouds. We utilize spin dynamics in a spinor BEC to create highly entangled twin-Fock states in a single spatial mode, which naturally splits into two independent parts. We record strong spin correlations between the resulting two atomic clouds, and derive a criterion to prove their entanglement. Our results thus demonstrate that the created entanglement of indistinguishable particles can be converted into entanglement of spatially separated clouds, which can be addressed individually. The concept can be extended to larger numbers of subsystems, down to single particles in an optical lattice, and opens a path to create highly entangled states for numerous applications in quantum information. For example, it presents a resource to synthesize any pure symmetric state with only single-particle projective measurements [24, 25] .
Our experiments start with the preparation of a 87 Rb Bose-Einstein condensate in a crossed-beam optical dipole trap. The ensemble of 20,000 particles is transferred to the hyperfine level F = 1, m F = 0. Spinchanging collisions create entangled atom pairs in the Zeeman levels m F = ±1, where both atoms reside in a spatially excited mode of the dipole trap [26, 27] (see Fig. 1 ). The output state consists of a superposition of twin-Fock states with an equal number of atoms N ±1 in the two Zeeman levels m F = ±1 [10] . Since the total number of particles is measured during detection, the system is well described by single twin-Fock states with one defined particle number. Self-similar expansion [27] allows for an imaging of the undistorted but 
Spin correlations between the clouds a and b. (a) A twin-Fock state is represented by a narrow ring on the equator of the multi-particle Bloch sphere (orange). When the system is split into two parts a (blue) and b (red), the states in the single subsystems seem to gain uncertainty. However, a measurement of J magnified density profiles. An inhomogeneous magnetic field separates the atoms to record the atomic densities for each Zeeman level.
The spatially excited mode of the ensembles in m F = ±1 provides a natural splitting into a left and right cloud along a line of zero density. Hence, we divide the initial twin-Fock state into two spatially separated parts |a (left side) and |b (right side). This process can be described as a beam splitter of the initially populated antisymmetric input mode The splitting introduces additional quantum noise due to a coupling with the (empty) symmetric input mode
(|a + |b ). In principle, an ideal twin-Fock state shows a maximal entanglement depth [15] , i.e. all atoms that make up a twin-Fock state are entangled with each other. Therefore, any splitting results in the appearance of quantum correlations between the clouds.
The resulting quantum correlations can be visualized on the multi-particle Bloch sphere (see Fig. 2(a) ). Here, the atoms in the levels m F = ±1 are represented by spin- y ). In summary, the different possible measurements on cloud b yield precise predictions for the measurement results of cloud a, which cannot be explained by a single quantum state that is independent of the chosen type of measurement. In this sense, the described system is analogous to the thought experiment by Einstein, Podolsky and Rosen [28] , where entanglement is witnessed by the variances of the predictions [29, 30] . Is it thus possible to detect entanglement between the spatially separated parts of a twin-Fock state?
To this end, we derive an entanglement criterion, which optimally exploits the described spin correlations (see Supplemental Material). The spin correlations are represented by prediction operators J
Here, the x and y components are normalized, such that the optimal value is 1, according toJ
Violation of the separability criterion as a function of the total number of atoms N. The black line represents the right-hand side (RHS) of equation (1) for the ideal case. The orange line represents the mean of the experimental results (orange diamonds) of the RHS of equation (1) with
and the spin length j n = N n /2 for n = a, b. We arrive at a simple separability criterion . Any separable state, including mixtures of product states of the form
k | with a fluctuating number of particles, fulfills this inequality. A violation of this criterion indicates that the state is inseparable and therefore entangled. For perfectly symmetric states, as we would expect in the ideal case, the righthand side (RHS) of the equation is equal to 1. Any deterioration from perfect symmetry is quantified by J (a) and J (b) . The inequality has similarities to the famous EPR criterion [31] due to the characteristic product of the uncertainties. It presents a general entanglement criterion, which is particularly sensitive for a spatially separated twin-Fock state.
An application of criterion (1) are readily obtained from the absorption images. The measurement of the orthogonal direction is performed by a sequence of resonant microwave pulses prior to the particle number detection (see Supplemental Material). The pulses lead to an effective rotation of the spins by π/2. Because the microwave phase is independent of the atomic phases, the rotation yields a measurement of the spin component J ⊥ along an arbitrary angle in the x − y plane. Since our quantum state is symmetric under rotations around the z axis, both due to the initial symmetry and the influence of magnetic field noise, the measured distributions of J ⊥ can be identified with both J x and J y . Interestingly, the performed measurement of J ⊥ is the realization of a measurement scheme to demonstrate the violation of a Bell inequality [32] , if local addressing and a single-particle-resolving atom counting is added. Figure 2 shows the histograms of J z and J ⊥ /j for a mean total number of 3,460 particles in both clouds. The J z data show the expected anti-correlation, while the J ⊥ measurements are strongly correlated. The J ⊥ histogram also shows pronounced peaks at the edges, reflecting the projection of a ring onto its diameter. The strength of these correlations can be quantified by evaluating the prediction uncertainties -the width of the distributions in the diagonal directions in the histograms, i.e. (∆J as a function of the total number of atoms. The shown fluctuations, obtained by subtracting independent detection noise, remain well below the shot-noise limit, and are equivalent to a number squeezing of −11.0(5) dB. The orthogonal quantities (Fig. 3(b) ) are slightly influenced by technical noise due to small position fluctuations of the clouds, increasing the standard deviation by a factor of 1.8 above shot noise. . We obtain a value of up to 0.94, close to the ideal value of 1, indicating a sufficiently clean preparation of an almost symmetric state.
From these results, we can test a violation of the separability criterion. In Fig. 4 , the orange diamonds correspond to an evaluation of the RHS of the criterion, which would ideally be 1 (black line). The lefthand side (LHS), represented by the green circles, is well below the RHS, signaling entanglement in the system. At the best value at a total number of 3,460 atoms, the experimental data violates the separability criterion by 2.8 standard deviations. Therefore, our measurements cannot result from classical correlations and prove the generation of entanglement between spatially separated clouds from particle-entangled, indistinguishable atoms.
Complementary to our work, the group of M. Oberthaler has observed spatially distributed multipartite entanglement and the group of P. Treutlein has observed spatial entanglement patterns. 
SUPPLEMENTAL MATERIAL
Experimental sequence and analysis. The experimental procedure and evaluation, as well as a discussion of the number-dependent detection noise can be found in detail in the Supplemental Material of Ref. [15] .
We alternate between the experiments for the two measurement directions J z and J ⊥ to minimize the influence of changing ambiance conditions. Both measurements start with the same experimental sequence. A BEC is prepared in a crossed-beam optical dipole trap in the state F = 1, m F = 0.
A red-detuned microwave dressing field with a detuning of 206 kHz couples the levels F = 1, m F = −1 and F = 2, m F = −2. This induces an energy shift of the levels such that a resonance condition for spin-changing collisions from F = 1, m F = 0 to F = 1, m F = ±1 is reached [15] . At the resonance, the energy of two atoms in the m F = 0 state is equal to the energy of two atoms in m F = ±1 plus the energy of the excitation to the first spatially excited mode. This pair creation process, producing a pair of entangled atoms in m F = ±1, is subject to bosonic enhancement, creating further pairs in the same mode during an interaction time of t = 180 ms. Due to the nature of the spin-changing collisions, the F = 1, m F = ±1 levels are populated with a two-mode squeezed state. The two-mode squeezed state consists of a superposition of twin-Fock states n c n |n +1 |n −1 with an equal number of atoms N ±1 in the two Zeeman levels m F = ±1. The weight c n = (−i tanh ξ) n cosh ξ corresponds to a squeezing strength ξ = Ωt and a spin dynamics rate Ω = 2π × 6.6 Hz. The final measurement of the total number of atoms collapses the state onto a twinFock state. The measurement of J z is now a measurement of the atom numbers in the two levels m F = ±1 of the F = 1 manifold. However, to keep the two experimental procedures as similar as possible, the ensembles are transferred to the F = 2 manifold before detection. To this end, the pulse sequence of the transfer pulses (II-IV) is reversed for the J z measurements with respect to the J ⊥ measurement (see Fig. 5 ).
The measurement in the orthogonal direction requires a rotation around an axis perpendicular to J z . This is achieved by a coupling of the ensembles in F = 1, m F = ±1 by an effective π/2 pulse. Since the microwave phase is not synchronized to the atomic phases, the rotation leads to a measurement of J ⊥ along an arbitrary direction in the x − y plane. However, the state is fully characterized due to its perfect symmetry under rotations around the z axis. Firstly, an ideal twin-Fock state is symmetric itself, and secondly, the experimentally realized state is randomized over J z rotations due to the influence of magnetic field noise. Therefore, the measurement of J ⊥ is sufficient. The detection is again realized in the F = 2 manifold with the m F = ±1 ensembles occupying F = 2, m F = −2 and F = 2, m F = 0. The large condensate from m F = 0 is mainly transferred to F = 2, m F = −1 with a small fraction transferred to F = 2, m F = 1.
The experimental sequence ends with the detection of the atomic ensembles. The dipole trap is switched off to allow for 7.5 ms of self-similar expansion. The mode profiles remain undistorted but magnified due to the interaction of the ensembles with the large condensate remaining in the F = 2, m F = −1 state [33] . After the initial mean-field dominated expansion, a strong magnetic field gradient is applied to spatially separate the atoms in the populated Zeeman levels. Finally, the number of atoms in the clouds is detected by absorption imaging on a CCD camera with a large quantum efficiency.
The absorption images are used to detect the number of atoms in the two spatially separated clouds. The center of mass of the large condensate in the F = 2, m F = −1 level is used as a reference for the position of all clouds (see Fig. 5(b) ). This is necessary due to slight shot-to-shot variations of the position, which result from minute position changes of the dipole trap. The position of the masks for the ensembles in F = 2, m F = {−2, 0} (formerly F = 1, m F = ±1), as well as the cutting line for the parts a (left) and b (right), is fixed with respect to this reference. The number of atoms in the four resulting sub-masks is then obtained by summing over the column density of the absorption image to record the spin fluctuations and prove entanglement between the spatially separated atomic clouds.
To utilize the created state for quantum information tasks, it can be transferred into an optical lattice, where all constituent particles are individually addressable. As a concrete example, single-atom projective measurements on one half of this highly entangled ensemble allow to synthesize any pure symmetric quantum state in the second half [24, 25] .
Bootstrapping. The error bars in Figs. 3 and 4 are obtained via a bootstrapping method. We created 10,000 random data sets on the basis of the distributions of the experimental data. We then calculated the standard deviations of the measured quantities from these 10,000 samples and checked that the percentage of violations of equation (1) was consistent with the reported significance.
Proof of equation (1). We start from the sum of two Heisenberg uncertainty
2 ). Simple algebra yields
Here, the first factor represents the fluctuations in the particle number difference and the second term represents the fluctuations in the phase difference.
Product states. First, we consider product states of the form |Ψ (a) ⊗ |Ψ (b) . For such states
holds, where we used the notation
y ) 2 for n = a, b. For product states, the variance of a collective observable is the sum of the sub-system variances, i.e.
2 , leading to the equality in equation (3) . The first inequality is obtained from the inequality between the arithmetic and the geometric mean. Equation (2) is valid for both part a and b of the state, leading to the second inequality.
Using (J
where correlations between the two subsystems are
, and S = J (a) J (b) . Note that C can be negative and |C| ≤ S. The normalization with the total spin will make it easier to adapt our criterion to experiments with a varying particle number in the ensembles.
Separable states. We now consider a mixed separable state of the form
For such states, we can write the following series of inequalities
where the subscript k indicates that the quantity is computed for the k th sub-ensemble |Ψ
. The first inequality in equation (5) 
where a k , b k ≥ 0. The third inequality is the application of equation (4) for all sub-ensembles. Next, we find a lower bound on the RHS of equation (5) based on the knowledge of J (a) and J (b) . We find that
which is based on noting (xy) 1/4 ≥ x + y − 1 for 0 ≤ x, y ≤ 1. Using equation (6) to bound the RHS of equation (5) from below and dividing by S we obtain
S .
(7) Non-zero particle number variance. So far, we assumed that the particle number of the two clouds a and b are known constants. In practice, the particle number is not a constant, but varies from experiment to experiment. In principle, one could postselect experiments for a given particle number, and test entanglement only in the selected experiments. However, this leads to discarding most experiments, increasing the number of repetitions needed tremendously. Hence, we modify our condition to handle non-zero particle number variances [34] . In this case, the state of the system can be written as (j a , j b ) , where the operator is separated into one part that depends only on the particle number operators of the two clouds represented byĵ a andĵ b , and another part that does not depend on them. f (x) denotes some function. The proof from equation (3) to equation (7) can then be repeated, assuming that j a and j b are operators. Hence, we arrive at the criterion that can be used for the case of varying particle numbers given in equation (1) .
Note that we choose the normalization of the variances such that the criterion is robust against fluctuations of the total number of particles. For a constant particle number one could simplify the fractions on the LHS of equation (1) by multiplying both the denominator and the numerator by j a , and for the other fractions by j b .
